The Drosophila melanogaster ovarian tumor (otu) gene encodes two novel protein isoforms that are required at multiple stages of oogenesis. We have examined the activity of a set of C-terminal truncation Otu proteins as well as a GFP-tagged Otu (Otu-GFP). These experiments have shown that a putative Tudor domain in the central region of the large Otu isoform and a separate domain in the C-terminal region are required for regulation of cyst formation and oocyte maturation, respectively. We also present evidence that a portion of Otu cofractionates with mRNA/protein complexes (mRNPs) and show that Otu-GFP associates with cytoplasmic aggregates at periphery of the nucleus at an intermediate stage of oogenesis. This study substantially clari®es the relationship between Otu structure and function and reveals new clues about interacting components. q
Introduction
The rapid production of mature oocytes in Drosophila melanogaster depends on the coordination of many different processes within the specialized cells of the female gonad. The Drosophila ovary consists of a cluster of tube-like structures called ovarioles, and oogenesis begins at the anterior tip of an ovariole in the germarium, where a stem cell divides to generate a new stem cell and a cystoblast. The cystoblast undergoes four mitotic divisions with incomplete cytokinesis to produce a cyst of 16 interconnected cells. Subsequently, a layer of somatic follicle cells surrounds the cyst to form an egg chamber. One of the 16 germ cells in an egg chamber differentiates as an oocyte, and the other 15 become polyploid nurse cells, which produce large amounts of RNA and protein to contribute to the developing oocyte. Initially the cells in the cyst are connected by a spectrin-rich structure known as the fusome (Lin and Spradling, 1995) . Ring canals, lined by actin, subsequently replace the fusome and maintain the bridges that allow selective transport of cytoplasmic components from the nurse cells into the oocyte. The oocyte assumes a posterior position in the egg chamber and as oogenesis progresses, the nurse cells dump their contents into the oocyte and eventually degenerate. Oocyte development has been subdivided into 14 stages, described in detail by King et al. (1956) . All stages are represented in a mature ovary, with the earliest to latest stages extending progressively from the anterior to the posterior region, respectively, of the ovariole.
Mutations in the ovarian tumor gene (otu) disrupt the normal process of oogenesis and produce a range of ovarian phenotypes that have been grouped into three classes, designated, in order of decreasing severity, as quiescent (QUI), tumorous or oncogenic (ONC), and differentiated (DIF) (King and Riley, 1982) . The QUI and ONC mutants are blocked at early stages of oogenesis. The germ cells of quiescent mutants undergo little or no cell division whereas tumorous mutants produce chambers ®lled with large numbers of undifferentiated germ cells. DIF mutants form chambers that arrest at a late stage in oogenesis and may exhibit abnormalities in the number of germ-cell division cycles, oocyte determination, nurse cell chromosome structure, and cytoplasmic dumping. It is not uncommon for ovaries of a given otu mutant to contain chambers of more than one phenotypic class. For the sake of simplicity, each allele is assigned to a class based on the predominant ovarian morphology.
Otu is thought to perform multiple functions in oogenesis. A connection has been established between the tumorous phenotype and a requirement for otu in the Sex lethal (Sxl) regulatory pathway in the female germ line (Bopp et al., 1993; Oliver et al., 1993; Pauli et al., 1993) . The cell proliferation and oocyte determination defects may re¯ect a role of otu in regulating fusome formation (Lin and Spradling, 1995; Lin et al., 1994; Rodesch et al., 1997; Storto and King, 1989) . The dumping defects appear to be related to a requirement for otu in cytoplasmic actin bundle formation (Rodesch et al., 1997; Storto and King, 1988) . However, the speci®c mechanism by which Otu regulates these diverse processes is unknown.
The otu gene encodes 98 and 104 kDa protein isoforms (811 and 853 amino acids, respectively) that are generated from alternatively spliced transcripts (see Fig. 1 ) (Steinhauer and Kalfayan, 1992) . The 104 kDa Otu isoform, when expressed under the control of the endogenous otu promoter, can perform all Otu functions, whereas the smaller isoform can perform only the late function (Sass et al., 1995) . Otu is found in the cytoplasm of oogonial stem cells of third instar larvae and in developing egg chambers until stage 10 (Sass et al., 1995; Steinhauer and Kalfayan, 1992) . During the previtellogenic stages of oogenesis large isoform is enriched in the oocyte. The otu promoter is active at the distal tip of the testis (Comer et al., 1992) ; however, this gene is not required for differentiation of male germ cells.
Recent homology searches have uncovered several potential functional domains in Otu (Fig. 1) . Amino acid residues 29±150 of Otu are homologous to a cysteine protease domain that is found in a variety of proteins, including the human HIV induced protein, HIN-1 (Makarova et al., 2000) . The central region of the large Otu isoform, amino acids 335± 394, contains signi®cant similarity to a Tudor domain (http:// smart.embl-heidelberg). One or more repeats of a Tudor domain have been identi®ed in a number of different proteins (Callebaut and Mornon, 1997; Ponting, 1997) , some of which associate with RNA (Ponting, 1997) . However, the function of this domain is unknown. The C-terminal region of Otu contains multiple short, proline-rich segments.
Several EMS-induced otu alleles contain nonsense mutations and produce truncated proteins (Sass, 1994; Steinhauer and Kalfayan, 1992) , missing one or more of these motifs (Fig. 1) . In most cases the shorter polypeptides are produced at lower than normal levels. However, since mutations that reduce the level of Otu protein without affecting the coding region can generate the otu mutant phenotypes (Sass et al., 1993) , the basis of the mutant phenotypes of the nonsense mutants is unclear. Here, we report genetic, morphological and biochemical analyses employing a set of otu transgenes that were engineered to express C-terminally truncated Otu proteins at high levels. We also generated and analyzed a GFP-tagged Otu derivative. These studies have substantially clari®ed our understanding of the relationship between Otu structure and function and provided new clues about interacting components.
Results

Generation and expression of truncated Otu derivatives
Our approach to de®ning Otu functional domains was to H and 3 H untranslated regions. Three motifs with otu have been identi®ed by sequence homology searches. The cysteine protease homology region (diagonal lines) was identi®ed by Makarova et al. (2000) . The Tudor domain (horizontal lines) was identi®ed using SMART (Schultz et al., 2000) and the NCBI Conserved Domain Database detection methods with signi®cance values (E-values) of 5.4e-11 and 1e-04, respectively. The Tudor domain of Otu is included in the SMART Tudor domain alignment (http://smart.embl-heidelberg). PROSITE FingerPRINTScan analysis indicates that the proline-rich regions of Otu (cross-hatched lines) are most similar (E-value of 1.6e-5) to a set of motifs found in proline-rich extensions, proteins that strengthen plant cell walls to mechanical stress. The positions of mutations in several EMS-induced otu alleles are indicated by the dotted lines above the diagram of otu. The positions of the nonsense codons in the mRNA encoding the large isoform of EMS-induced otu alleles are as follows: otu 14 , codon 698 (Steinhauer and Kalfayan, 1992) ; otu 7 , codon 424. The mutation in otu 10 eliminates the 3 H splice site of intron 5 (Sass, 1994) , and retention of this intron in otu 10 mRNA would result in premature termination of translation. The positions of nonsense codons in the otu transgenes are indicated below the diagram of otu.
construct a set of C-terminal deletion derivatives and examine their ability to rescue otu mutant phenotypes. To prevent the mRNAs produced by these new constructions with early stop codons from being targeted for nonsense-mediated decay (Hilleren and Parker, 1999) , we placed the normal otu 3 H -UTR and polyadenylation signal immediately downstream of the translation termination signal that we introduced (see Section 4). Otherwise, each construction included the endogenous otu promoter and genomic sequences through exon 2, and the remainder of the coding region was derived from an otu cDNA clone.
Because the large Otu isoform can perform all Otu functions (Sass et al., 1995) , the constructions were designed to express this isoform (otu-853) and ®ve C-terminal deletion derivatives (otu-627, otu-423, otu -380, otu-338 , and otu-250) (Fig. 1) . otu-627 and otu-423 have stop codons at different positions in exon 7 (Fig. 1) , and should generate polypeptides that include both the cysteine protease homology region and the putative Tudor domain, but lack portions of the C-terminal region. The stop codon in otu-423 is at the same position as the nonsense mutation in the EMS-induced allele otu 7 (DIF) (Sass, 1994) . The stop codons in otu-338 and otu-380 are located immediately before and after, respectively, the alternatively-spliced exon 6A; thus, these constructions include the cysteine protease domain and only a portion of the putative Tudor domain. The smallest construction, otu-250, has a stop codon in exon 5 and contains the cysteine protease homology region. We introduced these clones into Drosophila using P element mediated germ line transformation. To determine the level of protein produced by the transgenes, we performed Western analysis on ovary extracts prepared from females carrying each transgene (Fig. 2) . A polyclonal antibody raised against Otu amino acids 1±338 was used to detect the truncated Otu derivatives. Most of the Otu derivatives accumulated at a three-to eight-fold higher level than endogenous Otu. Only the smallest truncated derivative was detected at a lower level. Analysis of two or three transformant lines of each deletion construction indicated that the position of the transgene insertions does not signi®cantly affect expression (data not shown). The reason for the higher than normal level of accumulation of these proteins is unknown.
We also made an Otu-Green Fluorescent Protein (GFP) fusion protein by ligating the coding sequences of GFP to the 3 H coding region of an otu genomic clone and generated transformants carrying this construction. Western analysis revealed that the Otu-GFP accumulates at the same level as endogenous Otu (Fig. 2) .
Each of the otu transgenes was tested for its ability to rescue the sterility phenotype of otu mutants. Full-length otu-853 and otu-GFP restored normal fertility to all classes of otu mutants; however, none of the truncated Otu proteins rescued fertility defects of any of the mutant classes (data not shown). Furthermore, females expressing truncated Otu proteins in the background of a wild type endogenous otu gene exhibited normal fertility (data not shown); therefore, the truncated proteins do not produce dominant negative effects.
Rescue of morphological defects by truncated Otu proteins
To determine whether the transgenes expressing truncated otu proteins rescue morphological defects of otu mutants, we examined ovaries of females carrying two copies of a given otu transgene in the background of several different otu mutant alleles. The dissected ovaries were stained with phalloidin and propidium iodide to visualize actin and DNA, respectively, prior to the examination of egg chamber morphology by confocal microscopy. Fig. 3 illustrates representative results from analysis of the transgenes in the backgrounds of otu 10 (QUI), otu 1 (ONC) and otu 7 (DIF). The molecular defects in otu 10 and otu 7 have been determined molecularly (Fig. 1) ; however, the defect Fig. 2 . Western analysis of Otu protein produced by transgenic¯ies. Total ovary extracts, prepared from 15 ovaries of each transformant line, were used to generate Western blots, which were probed with the N-terminal Otu polyclonal antibody. As indicated above each lane, the samples were prepared from females carrying two copies of the indicated transgene in an otu 1 background, except that otu-853 was examined in the background of otu 14 , which produces a truncated polypeptide. The samples shown are from different gels. Lanes 1-3 are from an 8% SDS-PAGE gel. Lanes 4±8 and the molecular weight standards, indicated on the right side of the ®gure, are from a 10% gel. The dots mark the bands that correspond to proteins produced by the transgenes. The arrow on the left indicates the position of the wild-type 98 kDa Otu isoform, which predominates in mature ovaries. Endogenous Otu accumulates at the same level in all of the transformant lines expressing truncated Otu polypeptides (see Fig. 7B ), and the endogenous Otu signal is lower in lanes 5±7 because a shorter exposure of these lanes is shown. The level of protein produced by a given otu transgene was measured relative to endogenous Otu and is indicated below each lane. For Otu-GFP, the value shown is for a single transformant line, whereas, the values shown for the other constructions are the average of multiple transformant lines (standard deviations ranged from 10 to 50%). Fig. 3 . Rescue of otu mutant defects by otu deletion transgenes. Confocal images of ovaries stained with propidium iodide (red) and phalloidin (green) to visualize DNA and actin, respectively. Samples are oriented such that anterior is to the left. A different portion of the ovary is shown to illustrate each phenotype: QUI phenotype, whole ovaries; ONC phenotype, several ONC chambers; DIF phenotype, a single ovariole. The ovaries shown are from¯ies carrying the otu transgenes, indicated on the left side of the ®gure, in the background of the otu mutants, indicated at the top of the ®gure. otu 10 , otu responsible for the otu 1 phenotype is unknown. The three smallest constructions, otu-250, otu-338 and otu-380, did not improve the morphology of any of the mutants tested. On the other hand, otu-423 and otu-627 partially rescued the phenotype of all three alleles (Fig. 3) . The vast majority of the egg chambers in females carrying otu-423 and otu-627 contained 16-cell cysts with an oocyte, and these chambers either degenerated or arrested oogenesis at a late stage. On rare occasions, multi-nucleate nurse cells (see Fig. 4 ) or egg chambers that had undergone an extra round of cell division (data not shown) were observed. All of the other otu alleles examined gave results that were consistent with the data shown in Fig. 3 (data not shown) .
Although otu-423 produces the same mutant polypeptide as otu 7 , the phenotype of otu 7 was substantially improved by the otu-423 and otu-627 transgenes (Fig. 3 and Table 1 ). otu 7 is a severe DIF allele in that ovaries of females homozygous for this allele typically contain a signi®cant proportion of ONC chambers. In addition, DIF chambers of otu 7 commonly exhibit defects such as pseudonurse cell chambers lacking an oocyte, polytene nurse cell chromosomes, and egg chambers with too few or too many cells (Storto and King, 1988 ) (see Fig. 3 ). In contrast, the ovaries of females carrying otu-423 (or otu-627) rarely, if ever, exhibit cell division and oocyte determination defects. The nurse cell chromosome structure varied somewhat, apparently depending on the genetic background (see Fig. 3 ). However, the chromosome structure was normal in¯ies carrying otu-423 in an otu 7 background. The polypeptide produced in otu 7¯i es is not readily detectable on Western blots (data not shown), whereas otu-423 produces a high level of truncated protein (Fig. 2) . Thus, it appears that the cell division, oocyte determination, and chromosome structure defects observed with otu 7 are consequences of the low level of protein produced by this mutant.
Egg chambers of¯ies expressing otu-423 and otu-627 are similar in appearance to those of otu 14 , the weakest otu allele, which also produces a truncated polypeptide (Figs. 1 and 4, Table 1 ). Whereas wild-type egg chambers contain actin ®laments that are visible at stage 10 (Fig. 4, top panel) , egg chambers of otu 14 (Fig. 4 , middle panel), otu-627 (Fig. 4 , bottom panel), and otu-423 (data not shown) do not. The failure to form normal actin ®lament bundles is thought to lead to defects in the dumping nurse cell cytoplasmic components into the oocyte (Rodesch et al., 1997) . The shape of these egg chambers is sometimes distorted, and displaced nuclei occasionally plug the ring canals that connect the nurse cells to the oocyte (see Fig. 3 , otu-423 in otu 7 background). Eventually, these egg chambers either degenerate or arrest at stage 12 without completing dumping. Consequently, the eggs produced are small, opened at one end and with nurse cells remaining attached (data not shown). 
The bullets indicate that the abnormality is commonly observed in females homozygous for mutant allele or transgene. The defects present in otu 7 and otu 14 have been previously described (Rodesch et al., 1997; Storto and King, 1988) .
b The ability of otu-423 and otu-627 to generate normal chromosome morphology varied, depending on the genetic background (see Figs. 3 and 4). For example, in females that carried the transgenes in the background of otu 7 and otu 8 , the chromosomes were not polytene in late stages. However, in the background of otu 10 and otu 1 , the transgenes usually produced polytene chromosomes.
Although the otu-423 and otu-627 transgenes produce more protein than endogenous Otu (Fig. 2) , the high level of protein does not appear to impact negatively on the phenotype. As stated above, the phenotype produced by these transgenes is the same as otu 14 , which produces a truncated polypeptide that accumulates at lower level than endogenous Otu (Steinhauer and Kalfayan, 1992) . Thus, the phenotypes of otu-423, otu-627, and otu 14 correlate with the presence and absence of particular regions of the Otu polypeptide, rather than the amount of protein that they produce. Therefore, we conclude that amino acids 1±423, a region that extends just downstream of the putative Tudor domain, are suf®cient for the function of Otu in regulating germ cell proliferation and egg chamber differentiation up to stage 10. Amino acids in the C-terminal region, downstream of the otu 14 truncation point, are required for actin bundle formation, dumping and oocyte maturation.
Localization of Otu-GFP
The distribution of Otu in ovaries was examined previously by immunocytochemical analysis of frozen and ®xed tissues (Sass et al., 1995; Steinhauer and Kalfayan, 1992) . To elaborate upon those studies, we examined the localization an Otu-GFP fusion protein in un®xed cells by confocal microscopy (Fig. 5) . The otu-GFP transgene restored normal fertility to all classes of otu mutants and, thus, produces a completely functional protein. The OtuGFP¯uorescence pattern was generally consistent with the view obtained from indirect immuno¯uorescence in that Otu-GFP was detected in the cytoplasm of the germarium and stages 1 through 10 egg chambers. During the previtellogenic stages, Otu-GFP was enriched in the oocyte, and its abundance in the nurse cell cytoplasm increased with each successive stage (Fig. 5C ). At stage 10 Otu-GFP was no longer present in the oocyte (Fig. 5C,D) .
We noted several differences between the Otu-GFP distribution and the pattern of Otu localization in previous studies. First, whereas immuno¯uorescence studies indicated that Otu is uniformly distributed in the germarium, the¯uorescence of Otu-GFP was lower in region 2 of the germarium than in regions 1 and 3 (Fig. 5A,B) . Second, whereas we previously observed Otu localized at the nurse cell/follicle cell boundary at stage 10 (Sass et al., 1995) , this was not seen with Otu-GFP. Instead, the Otu-GFP¯uores-cence remained diffusely distributed in the nurse cell cytoplasm at stage 10 (Fig. 5C,D) . Third, Otu-GFP was enriched at the periphery of the nurse cell nuclei during stages 6±9, and its distribution was more granular at these stages (Fig.  5D±F) .
In the absence of GFP-tagged truncated Otu proteins, the localization of the truncated Otu derivatives was examined by indirect immuno¯uorescence. The pattern of the truncated Otu polypeptides was the same as wild-type Otu, visualized by this approach, except that Otu-250 and Otu-338 were not enriched in the oocyte (data not shown). This result is consistent with previous experiments showing that amino acids encoded by the alternatively spliced exon are necessary for the oocyte enrichment of Otu (Sass et al., 1995) .
Biochemical fractionation of Otu
We used differential centrifugation to partition ovary extracts into four fractions, designated A±D (Arrigo et al., 1980; de Sa et al., 1989) . Fraction A contains nuclei. Fractions B and C contain large cytoplasmic particles, and Fraction D contains soluble cytoplasmic proteins. We subsequently probed Western blots of samples from each fraction with several different antibodies (Fig. 6A) . The antibodies used detect actin, a constituent of cytoskeletal actin ®laments, cortical actin, and ring canals, tubulin, a component of microtubules which depolymerize under the fractionation conditions used, Armadillo (Arm) a plasma membrane-bound and soluble protein (Orsulic and Peifer, 1996) , the soluble enzyme Adh, Poly(A) binding protein (PABP), oo18 RNA binding protein (Orb), (Chang et al., 1999) , and Otu. The well-characterized proteins fractio- nated essentially as expected (Fig. 6A) . The fractionation pattern of Otu suggested that a portion of Otu associates weakly with mRNP complexes. Otu, like PABP, was broadly distributed between the cytoplasmic Fractions B, C, and D (Fig. 6A) , although a greater proportion of Otu was in the soluble fraction (Fraction D) than PABP. Otu, PABP, and Orb were the only proteins examined found in Fraction C. Treatment of the ovary exact with RNase prior to fractionation eliminated the association of both Otu and PABP with Fraction B (Fig. 6B) . The amount of Otu in Fractions B and C was variable, and in some experiments, the bulk of Otu was found in Fraction D in a 10S complex that was not sensitive to RNase treatment, as determined by sucrose gradient sedimentation (data not shown).
To determine whether Otu associates with mRNP complexes, we incubated the supernatant from a 16,000g spin (Fraction C/D), with oligo(dT) cellulose under conditions that favor mRNP binding without disruption of mRNA/protein interactions. After washing extensively, we examined the bound proteins on Western blots (Fig. 7A) . PABP, Orb, and a small portion (about 10%) of Otu were recovered in the oligo(dT) selected fraction. Incubation of the oligo(dT) cellulose with poly(A) prior to incubation with the ovary extract eliminated the oligo(dT)-selection of all but trace amounts of all three proteins (Fig. 7A, lane 4) . Thus, the proteins were retained on the resin due to their association with mRNPs, rather than through non-speci®c binding to the af®nity resin. The association of Otu and Orb, but not PABP, with the oligo(dT) cellulose resin was eliminated by 0.4 M NaCl washes. This indicates that the interaction of Otu and Orb with mRNPs is weaker than that of PABP.
We also oligo(dT) selected mRNP complexes from ovary extracts prepared from¯ies carrying the otu C-terminal truncation transgenes in a wild type otu background. As shown in Fig. 7B , all of the truncated Otu proteins were selected by this procedure. As was seen with wild type Otu, approximately 10% of each Otu deletion protein bound to the af®nity resin. This indicates that amino acids contained within the N-terminal region of Otu mediate the interaction with mRNPs.
Discussion
In previous genetic studies, the complex phenotypes associated with otu mutations have made it dif®cult to sort out the effects of mutations in the coding region on Otu func- tion. By expressing C-terminally truncated derivatives of Otu at high levels, we have de®nitively shown that the early and late Otu functions depend on separable domains of the protein (Fig. 8) . The cumulative data are consistent with the model that the early Otu function in controlling cyst formation and differentiation requires an Otu polypeptide that includes amino acids extending from the N-terminal region to the central region of the large isoform. On the other hand, the late function in controlling nurse cell dumping and oocyte maturation depends on a polypeptide that includes the N-terminal and C-terminal regions, but not the central region.
The following evidence supports this model. First, it is consistent with our functional analysis of various otu transgenes in the background of different otu mutant alleles. In this report, we have demonstrated that amino acids 1±423 are suf®cient for the early function of Otu, and that amino acids downstream of this region, i.e. aa 697±853, are required for its late function. Furthermore, in an earlier study (Sass et al., 1995) , we showed that the 98 kDa Otu isoform, which contains the N-terminal and C-terminal amino acids but is missing 42 amino acids in the central region, can perform the late Otu function, but not the early function. Second, the model is consistent with the Proteins that remained bound after these washes were analyzed on a Western blot (lanes 4 through 9). As a negative control, oligo(dT)-celloulose was pre-blocked with poly(A) prior to incubation with the ovary extract. The blot was probed sequentially with antibodies that detect the proteins shown on the left. (B) Lanes 1±6 contain 20 ml of total ovary extract prepared from¯ies carrying two copies of an otu deletion transgene in an otu 1 background. Lanes 7±12 contain oligo(dT)-selected mRNPs isolated from 100 ml of total ovary extract. The oligo(dT) cellulose resin used for the sample in lane 7 was pre-treated with poly(A) prior to incubation with the extract. During ECL detection, the exposure time for lanes 7±12 was ®ve-fold longer than for lanes 1±6. The arrowheads indicate the positions of truncated Otu proteins.
developmentally regulated alternative splicing pattern of otu pre-mRNA transcripts (Fig. 1) . During the early stages of oogenesis, otu transcripts are spliced to generate the large Otu isoform, which includes the central domain; a shift in the splicing pattern occurs during the later stages to produce predominantly the small Otu isoform, which excludes this domain (Sass et al., 1995) . Third, the model is consistent with genetic analysis of EMS-induced alleles. These studies showed that otu mutations that affect production of the large isoform (otu 11 and otu
13
) disrupt the early Otu function, whereas mutations that cause premature truncation in the C-terminal region (otu 5 and otu
14
) disrupt the late function (Steinhauer and Kalfayan, 1992) . Furthermore, mutations in one of these groups partially complement mutations in the other (Storto and King, 1987) . Thus, the central domain of the large isoform and the C-terminal domain(s) need not be present on the same polypeptide. However, the large Otu isoform, which contains both regions, is capable of performing both the early and the late Otu functions (Sass et al., 1995) .
Three potential structural motifs have been identi®ed by analysis of the Otu sequence: an N-terminal cysteine protease domain, a central Tudor domain, and proline-rich motifs in the C-terminal region. While our previous results (Sass et al., 1995) established that the amino acids which are unique to the large Otu isoform are part of an important functional domain, the nature of the domain and its boundaries were unknown. This study has established that the region that encodes the putative Tudor domain, which was identi®ed solely by sequence analysis, corresponds to the domain that is required for the early Otu function. Of the otu transgenes that we analyzed, those encoding Otu polypeptides that contain the Tudor domain homology region promote normal egg chamber differentiation through the early stages, whereas polypeptides that lack a portion or all of these sequences are defective in the early Otu function. Thus, the Tudor domain homology region is a functional domain of Otu.
The biochemical function of Tudor domains is unknown. Ten Tudor domain repeats are found in the D. melanogaster Tudor protein (Callebaut and Mornon, 1997; Ponting, 1997) , which is required for pole cell formation and normal abdominal development. One copy of this domain is found in the protein encoded by the D. melanogaster homeless gene, which appears to function in RNA transport and localization during oogenesis, and Tudor domains are also found in other proteins that interact with RNA (Ponting, 1997) . However, the Tudor domain located in the central region of SMN, a snRNP assembly factor required for survival of motor neurons, appears to mediate protein/protein rather than protein/RNA interactions (Buhler et al., 1999) . The Tudor domain of Otu does not appear to be required for the Otu/mRNP interaction because truncated Otu polypeptides, missing this domain, were af®nity-selected with oligodT. However, our oligo-dT selection experiments were performed in the presence of wild-type Otu, and it is possible that Otu oligomerizes via a domain in the N-terminal region. If so, the truncated proteins may have been oligo-dT selected due to an association with endogenous Otu, and full-length Otu, but not the truncated proteins, could be responsible for the observed mRNP interaction.
As yet, we have not delineated the relevant functional domain(s) in the N-terminal and C-terminal regions of Otu. The only discernable feature of the C-terminal Otu region that it is rich in proline residues. It is plausible that these proline-rich motifs comprise a functional domain because the deletions in otu 14 , otu-423, and otu-627, all of which are defective in the late Otu function, remove some or all of these motifs. The N-terminal region contains the cysteine protease domain (Makarova et al., 2000) . However, Otu may not be an active protease because an essential cysteine residue, found in the catalytic site of other members of the cysteine protease family, is replaced by a serine in the homologous region of Otu. If it lacks protease activity, the cysteine protease homology region in Otu may be a protein/protein interaction domain. The N-terminal region is also responsible for the Otu/mRNP association. Given that no known RNA binding motifs are found in Otu, the mRNP association of Otu is most likely indirect. For example, it is possible that Otu interacts with an RNA binding protein via amino acids in N-terminal region, using the cysteine protease domain or a separate domain.
We observed several differences between the Otu-GFP uorescence pattern and the Otu distribution visualized by indirect immuno¯uroscence. Since the Otu-GFP is fully functional, presumably, these differences are biologically relevant. The absence of a¯uorescence signal from Otu-GFP in region 2 of the germarium and at the nurse cell/ follicle cell border at stage 10 may indicate that previous immuno¯uorescence results were misleading, i.e. ®xation of ovarian tissue for indirect immuno¯uorescence created artifacts. Alternatively, it is possible that Otu-GFP¯uorescence signal is masked during these stages due to unique interactions that occur at those stages. The presence of Otu-GFP in perinuclear aggregates at stages 6±9 could possibly be related to the association of Otu with mRNPs emerging from the nucleus. The perinuclear distribution might also be related to the function of Otu in promoting formation of cytoplasmic actin bundles, which extend from the nuclear to the plasma membranes. Additional work will be needed to sort out these possibilities.
Experimental procedures
Generation of otu transgenes
DNA fragments containing portions of the otu coding sequence were obtained by PCR ampli®cation of speci®c regions of otu cDNA clones. The PCR reactions utilized a common upstream primer and a unique downstream primer containing a Mlu I site. The downstream primers were designed so that the otu fragment would be ligated in the same translational reading frame as the endogenous otu stop codon or the downstream primer introduced a nonsense codon. The PCR products were digested with BamH I and Mlu I and ligated to a BamH I/Mlu I digested pBSK plasmid, containing otu promoter and genomic sequences through exon 2 and the 3 H untranslated region. After the clones were veri®ed by DNA sequencing, the otu contructions were cloned into the Not I site of the transformation vector pDM30 (Mismer and Rubin, 1987) .
GFP coding sequences were PCR ampli®ed from pGreenLantern (Gibco-BRL) using primers that contained an Mlu I site. The Mlu I digested GFP fragment and an Mlu I genomic otu fragment isolated from pBSDAcc/otu104/myc were ligated together in a pBSK vector. Recombinant clones, containing the inserted fragment in the correct orientation, were identi®ed by sequencing. Subsequently, the otu-GFP fragment was subcloned into the transformation vector pDM30.
P-element-mediated gene transfer procedures Spradling and Rubin, 1982) were used to generate germ-line transformants carrying the otu constructions. The ability of the otu transgenes to rescue the sterility of otu mutants was determined as previously described (Sass et al., 1995) .
Western analysis
Ovaries were dissected from 2 to 4 day old¯ies in Drosophila Ringers solution and frozen on dry ice. Thawed ovaries were homogenized in Lysis buffer (10 mM Tris±HCl (pH 7.4), 50 mM NaCl, 3 mM MgCl 2 , 0.2% Triton X-100) containing a protease inhibitor cocktail (leupeptin 50 mg/ ml, pepstatin 7 mg/ml, aprotinin 3 TIU/ml and PMSF 10 mg/ ml). The resulting extract was centrifuged at 48C for 5 min at 1000 £ g. The supernatant was centrifuged for 5 min at 16 000 £ g. Supernatant from the second centrifugation was boiled 5 min in Laemmli's loading buffer (0.19 M Tris±HCl (pH 6.8), 6% SDS, 30% glycerol, 0.15% b-mercaptoethanol, bromphenol blue) and loaded onto a 10% SDS-polyacrylamide gel. Blots were incubated overnight in a 1:500 dilution of a guinea pig polyclonal antibody raised against Otu amino acids 1±338, fused to E. coli Maltose Binding Protein. Blots were incubated in a 1:5000 dilution of donkey anti-guinea pig secondary antibody conjugated to horseradish peroxidase (Jackson ImmunoResearch) for 2 h at room temperature. Bound antibodies were visualized by enhanced chemiluminescence, ECL (Amersham). Protein levels were quantitated using NIH-image software. Antibodies to Orb and PABP were provided by Paul Schedl and Gideon Dreyfuss, respectively.
Fixation of ovaries and morphological analysis
Ovaries were dissected in Drosophila Ringers solution (2.9 mM Na 2 HPO 4 , 2.1 mM NaH 2 PO 4 , 80 mM NaCl, 62 mM KCl, 4 mM MgSO 4 , 1 mM CaCl 2 , 2 mM potassium acetate), followed by ®xation with 1% formaldehyde in PEM buffer (0.1 M Pipes (pH 6.9), 2 mM Mg SO 4 , 1 mM EGTA, 1% NP40) for 20 min at room temperature. The samples were then incubated in 400 mg/ml RNaseA in PBS for 2 h at room temperature. After incubation, samples were incubated in a mixture of 10 mg/ml propidium iodide and 5 units/ml BIODPY-phalloidin (Molecular Probes) in PBS for 20 min, mounted in aquapolymount (Polysciences, Inc.) and examined by laser scanning confocal microscopy. At least ®ve ovaries were examined for each transgene in each otu mutant background.
Visualization of Otu-GFP
Ovaries from¯ies carrying the otu-GFP transgene were dissected in Drosophila Ringers solution and mounted in a 1:1 mixture of Ringers and aquapolymount. Coverslips were attached using double sided tape, to prevent destruction of the ovary tissue. Ovaries were examined immediately by laser scanning confocal microscopy.
Fractionation of ovary extract
Ovaries were dissected from 2 to 4 day old females in Drosophila Ringers solution, frozen on dry ice, and stored at 2708C until use. The frozen ovaries were homogenized in Lysis Buffer with protease inhibitors and fractionated by differential centrifugation as shown in Fig. 6 according to previously described procedures (Arrigo et al., 1980; de Sa et al., 1989 ).
Oligo(dT) selection of mRNP complexes
Ovaries were dissected from 2 to 3 day old¯ies in Drosophila Ringers solution and frozen on dry ice. These ovaries were later homogenized in Lysis Buffer (see above) and spun for 5 min in a microcentrifuge to remove insoluble debris. The resulting ovary extract was incubated with 10 mg of oligo(dT) cellulose, pre-equilibrated in Lysis buffer, for 20 min at 48C. The oligo(dT) cellulose was pelleted by a brief centrifugation. The supernatant was discarded and the oligo(dT) cellulose was washed four times with Lysis buffer. After being washed, the af®nity resin with bound proteins was boiled in Laemmli SDS sample buffer. Soluble material was run on an 8% SDS polyacrylamide gel. As a control, an equal volume ovary extract was incubated with oligo(dT) cellulose that had been pre-incubated with poly(A) to block all RNA binding sites. Samples were analyzed by Western blotting as described above.
